Abstract The presence of cotton aphids, Aphis gossypu Glover, and the incidence of its fungal pathogen. Neozyg/tes fresenhi(Nowakowski) Batko, were monitored with pan traps, plant sampling, and sticky traps in three south central Georgia cotton fields in the early part of the 2002 growing season. Aphids were trapped in low numbers (<10/trap/sampling date) in fields 1 and 2 until 17 June when the aphid population increased to >60/trap/sampling date. A similar increase was observed in field 3 after 21 June. Differences observed in the three fields were attributed to differences in planting date. Aphids in sticky traps were counted but not examined for pathogenic fungi. Aphids were detected in pan traps as early as 4 May, but all were negative for N. fresenhi until 10 June, after which the mean incidence of the fungus increased rapidly to a peak of >60% by 27 June. The aphid population as determined by plant sampling increased logarithmically between 3 June and 8 July, whereas the increase in incidence of N. fresenii was exponential, with all of the observed increase occurring after 10 June. Multiple generations of the fungus developed between its first detection in aphids in mid-June to the peak of the epizootic on or after 8 July.
zootics that disperse infected alate aphids or aerial conidia. The role of resting spores (zygospores) in the initiation of infections remains unknown (Steinkraus et al. 1996) .
In Arkansas, Mississippi, and Louisiana, this fungus first appears in aphid populations early in the growing season. It then increases rapidly to epizootic levels, resulting in natural control of aphid populations in cotton (Steinkraus et al. 1995) . Often growers are advised against treating for aphids, particularly if an epizootic of N. fresenli is impending. Avoiding or reducing insecticide treatments results in savings to growers (Shelton et al. 2002) and conserves natural populations of predators and parasitoids (Hardee et al. 1994 , Rosenheim et al. 1997 , McCutcheon and DuRant 1999 , Tillman and Mulrooney 2000 .
Our objective in this study was to characterize the early-season aphid population density and the incidence of N. fresenii in three cotton fields in south-central Georgia, USA. We used pan traps and sticky traps to monitor aphid populations, and compared these to results obtained from field sampling of aphids on cotton plants. In addition, the incidence of fungus infection in aphids in pan traps was compared with results from field collections from plants.
Materials and Methods
Aphid population density and incidence of N. fresenhi, were monitored with pan traps, direct plant sampling, and sticky traps in three cotton fields in south-central Georgia during the early part of the 2002 growing season.
Fields. Field 1 was located in north-central Tift Co., GA, at 31.5722°N and 83.5367'W. The field was approximately rectangular in shape, with an area of 3.96 ha. Cotton was planted on 10 May 2002 (julian day 130) through rye stubble. Field 2 was located in northeast Berrien Co., GA, at 31.3910°N and 83.1462°W. It was rectangular in shape, with an area of 8.0 ha. Cotton was planted in this field on 24 May 2002 (julian day 144), through burned rye stubble. Field 3 was located in east central Tift Co. at 31 .3940'N and 83.4510°W. It was irregular in shape, with an area of 6.1 ha. This field was planted on 27 April 2002 (julian day 117) through rye stubble.
Pan traps. Plastic pans (13x13x6 cm) were sprayed with yellow paint on the interior and attached to wooden posts at a height of 30 cm above the soil surface. Beginning at the southwest corner of each field and continuing clockwise (Fig. 1) , ten traps were placed at approximately equal intervals around the periphery of each field. Traps were filled with soapy water and checked 2 or 3 times weekly. Aphids were counted, collected, and stored in 70% ethanol and later stained, mounted and examined for N. fresenli. Traps were replenished with soapy water after each visit. In fields 1, 2, and 3, pan traps were placed on 15 May, 3 June, and 3 May and removed on 28 June, 8 July, and 26 June, respectively. Plant sampling. Nine plant sampling locations were established in each field ( Fig.  1 ) and marked with flags on bamboo poles. One location was established near each corner, one midway along each side, and one in the center. Locations were numbered from south to north, beginning at the southwest corner (#1) and ending at the northeast corner (#9).
On each sampling date, 10 randomly selected plants within 10 m of the pole at each location were examined for aphids. Plants were recorded as positive or negative for aphids. Because of the highly variable distribution of aphids on plants, whole plants were examined, and one representative leaf from each positive plant was selected and preserved separately in a vial containing 70% ethanol. The percentage of the aphid population on each plant represented by the collected leaf was estimated and recorded. In the laboratory, aphids were brushed off the leaves into 70% ethanol and counted. The total number of aphids on each plant was calculated based on the number counted on the sampled leaf and the estimated percent (estpct) of the population on the plant represented by the leaf (total aphids = aphids counted on leaf x 100/estpct). In fields 1, 2, and 3, plant sampling began on 6 June, 21 June, and 3 June, and ended on 26 June, 8 July, and 24 June, respectively. Sampling dates in field 2 were delayed because of the late planting of that field. Sticky traps. One sticky trap was placed at each of the nine plant sampling locations (Fig. 1) . Traps consisted of a 30 cm wooden stake with a 3 x 10 cm strip of Catch-It® (Silvanderson Sweden AB, Knàred) yellow sticky paper clipped to each side. Traps were oriented to face east and west, checked 2 or 3 times weekly on the same days that pan traps were sampled, and replaced weekly. Aphids on each side of the trap were counted separately but were not mounted for examination because of difficulties in removing them from the glue. In fields 1, 2, and 3, sticky traps were placed on 17 May, 3 June, and 17 May and removed on 28 June, 8 July, and 26 June, respectively.
Mounting and examination of aphids. Aphids were stored in 70% ethanol until IL counted and were then mounted on slides. Randomly-selected aphids, to a maximum of 20, were placed in rows of 5 in a drop of stain (lactophenol-acid fuchsin) on a microscope slide and lightly smashed under a coverslip (Steinkraus et al. 1999) . With practice, the aphids will usually remain in neat rows, which greatly facilitates examination. Coverslips were ringed with nail polish and aphids were examined at 200x on a compound microscope for the presence of N. fresenhl stages, which were recorded as primary or secondary conidia, protoplasts/hyphae, or zygospores (Steinkraus et al. 1991) .
Statistical analysis. Numbers of aphids counted from cotton plants sampled at the nine locations at each of the three fields were transformed to ln(aphids + 1) and the percent occurrence of N. fresenii infestation was transformed to arcsin(\ percent! 100) before analysis. Values presented in the text and table are untransformed. Numbers of aphids counted from pan traps and sticky traps and the incidence of fungus infection in aphids from pan traps were not transformed because of the relatively low number present. ANCOVA was used to test treatment effects (field, plant, and sampling location), and their interactions for significance, with sampling date as a covariate. LSD was used for mean separation when significant differences were detected in ANCOVA. Statistica (StatSoft, Inc. 2003) was used for data analysis and graph production. Means are presented as mean ± SE.
Results
Pan traps. Mean aphids trapped per day in the 10 pan traps in fields 1, 2, and 3
were 2. 27 ± 0.50, 1.42 ± 0.43, and 1.15 ± 0.19 , respectively. These means were not statistically different (F = 2.622; df = 2, 581; P = 0.07). No patterns indicative of a qualitative difference between the three fields in aphids trapped by location or date were observed except that large numbers of aphids were collected from several traps on 19 June at fields 1 and 3. During the entire sampling period, the number of aphids collected per trap per day was usually less than 10. However, on 19 June, 6-67 aphids were collected from 8 of 10 traps at field 1. None were positive for fungus. At field 3, one trap contained 38 aphids on 19 June, whereas the others had only 0-2 aphids each. Only 1 aphid from field 3 was positive for N. freseniion 19 June, representing the first positive aphid observed in 2002 from pan traps. The first positive aphids from fields 1 and 2 were both found on 24 June. The three fields differed in percent incidence of N. freseniiiri aphids collected from pan traps. (F= 17.563; df = 2, 212; P= 0.001) . The mean incidence of the fungus in aphids from pan traps was 4. 06 ± 1.67, 16.87 ± 3.98, and 1.45 ± 0.84 , in fields 1, 2, and 3, respectively. However, the difference can be explained by the higher number of positive aphids in field 2 collected on 1 July, after trapping had ended in fields 1 and 3. Adjusting for a common ending date of 26 June showed that there was no significant difference in incidence of N. fresenhi in aphids collected in pan traps (F= 0.427; df= 2, 198; P= 0.65) . Because no substantive differences were found between fields, except somewhat higher aphid populations in field 2, mean numbers of aphids collected per date from the 3 fields were combined and plotted against the mean incidence of N. fresenii (Fig. 2) .
In field 1, totals of 78 and 113 aphids were collected from traps 7 and 8, respectively. However, only trap 8 had significantly more (P < 0.05) aphids than the others. This was mainly a result of higher numbers of aphids collected in these traps on 19 June when compared with the other dates. None were positive for N. fresenil. There were no significant differences in total aphids collected in pan traps in field 1 (F = 1.306, df = 9, 188, P= 0.41), or in the incidence of N. fresenii in aphids from pan traps (F= 0.789; df = 9,82; P= 0.63) . In field 2, there were no significant differences between locations in mean number of aphids collected per trap (F = 0.945; df = 9, 138; P 0.49). No patterns in the distribution of aphids trapped by location or date were evident except that more aphids were collected after 19 June. The incidence of N. fresenil in aphids collected in pan traps in field 2 was not significantly different between trap locations (F= 0.178; df = 9, 19; P = 0.99). The first aphid positive for N. freseriih in field 2 was collected on 24 June. On 1 July all 10 traps contained several positive aphids. The incidence of positive aphids in field 2 on 1 July was 41.2%.
In field 3, there were no significant differences in mean numbers of aphids collected from pan traps (F= 1.758; df 9. 228: P= 0.077). Although ANOVA was not statistically significant, 78 aphids were collected in trap 3, more than the number collected in the other traps. Thirty-eight of the 78 aphids collected in trap 3 were collected on 19 June, but only 0-2 aphids were collected from each of the other traps on that date. One of 2 aphids in trap 2 was positive for N. fresenhi on 19 June, but all 38 aphids in trap 3 on that date were negative for the fungus. June 19 was the first record of N. fresenii in 2002 in pan traps at this field. There was no significant effect of trap location on the incidence of N. Iresenü (F= 1.108; df = 9,84; P= 0.37). The peak incidence of fungus occurred on 27 June when the actual numbers of aphids collected was low (Fig. 4) . However, many of those collected were positive for N. fresenhi.
Plant sampling. Analysis of two sampling dates per field, between 17 and 28
June, showed that the three fields differed (F= 69.65; df = 2. 533; P< 0.0001) in mean numbers of aphids. Mean aphids were 154.9 ± 17.24, 144.7 ± 46.27, and 1019 ± 227.3, in fields 1, 2, and 3. respectively. There was a significant (P< 0.01) but low positive correlation (0.36. 18. and 0.29, respectively) between mean aphids and 12 aa.
sampling date within each of the three fields and from the three fields combined (P = 0. 12, P< 0.01). Small numbers of aphids were present in each field on the first sampling date (6, 21, and 3 June, in fields 1, 2, and 3, respectively). Aphid numbers (Fig. 4) increased logarithmically (r2 = 0.67, r = 0.82, P < 0.01) during the sampling period (3 June to 8 July).
Aphids infected by N. fresen/iwere first observed on 19, 28, and 10 June, in fields 1, 2, and 3, respectively (Table 1) . Positive aphids were found on each subsequent visit. The combined mean incidence of N. fresenii from the three fields increased exponentially. Highly significant exponential fits (Fig. 4) were obtained for both the raw data (r2 = 0.73, r = 0.86, df = 791, P < 0.01) and the mean incidence of N. fresenii on sampling date (r2 = 0.985, r = 0.993, df = 11, P< 0.01).
Sampling locations (1 -9) did not differ in mean aphids per plant in the three fields combined (F = 1.290; df = 8, 977; P > 0.05). Separate analyses of mean aphid numbers at the nine locations at each of the three fields showed no significant differences due to location (field 1: F = 0.85; df = 8, 350; F> 0.05; field 2: F 1.40; df = 8, 351; P> 0.05; and field 3: F = 1.48; df = 8, 438; P> 0.05).
In the combined dataset from the three fields, there was no significant effect on percent incidence of N. fresenhi due to sampling location (F = 0.82; df = 8, 784; P = 0.58). Therefore, the three fields were analyzed separately to determine whether a relationship between sampling location and incidence of the fungus could be detected.
In field 1, a significant difference in percent incidence of N. fresenhidue to sampling location was found (F= 2.438; df= 8, 238; P= 0.15). In this field, no positive aphids were detected on the first two sampling dates (6 and 12 June). Sampling location differences were not significant on 19 June (F = 0.78; df = 8, 75; P = 0.62). On 26 June, however, significant differences were found in the incidence of N. fresenü due to sampling location (F= 2.454; df = 8, 74; P= 0.021). Fungus incidence was higher (P < 0.05) in aphids at location 3 (18.9%) than at locations 2, 5, 6, or 7 (5.5. 2.2, 4.0, and 2.2%, respectively). Similarly, fungus incidence at location 8 (13.3%) was higher (P < 0.05) than at locations 5, 6, or 7 (2.2, 4.0, and 2.2%, respectively).
In field 2, there were no significant differences in percent incidence of N. freserili due to sampling location (F = 0.59; df = 8, 296; P = 0.78) when all sampling dates were analyzed. However, the incidence of N. fresenü was zero on 21 June and only 1.9% in aphids sampled on 28 June. However, data of 3 and 8 July were analyzed separately and differences in the incidence of the fungus were noted. On 3 July, a significant effect due to field location was found (F = 2.258; dl = 8, 81; P = 0.03). In locations 6 -9 on the northeast side of the field, the incidence of N. fresenu was generally higher than in locations 1-4 on the southwest side. The overall mean incidence of N. fresenii in aphids in field 2 on 3 July was 12.8 ± 1.43%. By 8 July in field 2, the overall mean incidence of N. freseriii had risen to 55.8 ± 2.22%, with sampling location 8 having the highest percent incidence at 77.8 ± 4.54%. The incidence of N. fresenli was higher at location 8 than at the other locations (P < 0.05).
A significant effect of sampling location on percent incidence of N. fresenii was found in the combined (3, 7, 10, 17, and 24 June) samples from field 3 (F= 2.51; df = 8, 232; P = 0.012). No positive aphids were detected on 3 or 7 June. Therefore, only data from 10, 17, and 24 June were analyzed further. No significant effect of location on incidence of N. fresenil was found on 10 June (F= 1.792; df = 8, 31; P= 0.12). The only aphids positive for the fungus on 10 June were in location 8, where the mean incidence was 1.4%. The other locations were all negative. The difference was not significant (P> 0.05).
The incidence of fungus detected on 17 June (0.04%) was lower than that on 10 June (0.10%), but these means were not different (P> 0.05). There was no significant effect of sampling location on the incidence of the fungus on 17 June (F= 0.82; df = 8, 68; P = 0.59). Infected aphids were detected only at location 4, and the incidence was only 0.3%. On 24 June, however, a significant effect of sampling location on incidence of N. fresenii was found (F= 5.015; df = 8,76; P< 0.001). The incidence of N. freseniiat locations 6 and 7 were higher (5 to 7%) than that at the other locations (0.3 to 0.7%). Locations 6 and 7 were not adjacent locations. Location 6 was at the north center edge of the field, whereas location 7 was in the southeast corner (Fig. 1 ).
There were no significant interactions between independent variables and the percent incidence of N. fresenii(P> 0.10). A significant interaction (F= 2.358, df= 16, P= 0.002) was found between fields and sampling locations in the numbers of aphids present. This interaction is largely explained by the lower aphid population in field 3 and by the variability in aphid populations at sampling locations in widely separated fields having different management and planted at different dates.
Sticky traps. No differences were found in numbers of aphids collected from east versus west sides of sticky traps (t = -1.063, df = 930, P = 0.29). The overall mean number of aphids collected from east-and west-facing traps from the 9 sampling locations of all three fields for all sampling dates was 8.57 ± 0.653 and 9.61 ± 0.733, respectively. Similarly, mean aphid numbers on east versus west sides of traps on LL each of the three fields were not different (P> 0.05). At field 1, mean aphids on east and west sides of the traps were 7.61 ± 1.015 and 8.20 ± 0.961, respectively (t = -0.423, df = 340, P = 0.67); at field 2, mean aphids were 7.74 ± 0.945 and 6.76 ± 0.878, respectively (t 0.764, df = 268, P = 0.45); and at field 3, mean aphids were 10.29 ± 1.337 and 13.52 ± 1.680, respectively (t = -1.508, df = 318, P= 0.13). The only difference found between fields was that mean aphids on the west side of sticky traps in field 3 were higher (F= 8.000; df = 2,463; P= 0.001) than the means found on the west sides of the traps in fields 1 and 2. The mean was 13.52 ± 1.680 in field 3, whereas the means in fields 1 and 2 were 8.20 ± 0.961 and 6.76 ± 0.878, respectively.
Because no significant differences were found between traps facing east and west, the aphid totals at each field location were combined. Significantly more aphids were captured in sticky traps in field 3 than in the other fields (F= 4.768; df = 2, 463; P= 0.009). Total aphid counts at each of the three fields showed only a few differences due to sampling location. There were no significant differences in number of aphids captured due to sticky traps by location at field 1 (F= 0.631; df= 8, 162; P= 0.75) and at field 2 (F= 0.673; df = 8, 126; P = 0.71). At field 3, more aphids were found at location 8 than at locations 1, 2, 4, or 9. However, these differences were not significant (F= 1.371; df = 8, 151; P= 0.21). Location 8 had 44.9 ± 15.36 mean total aphids, whereas the highest mean total aphids captured at locations 1, 2, 4, or 9 was 19.4 ± 8.27 captured at location 2 (P> 0.05).
Despite minor differences due to location in field 3, there were no detectable patterns of aphid movement or population change attributable to field location based on sticky trap collection. Therefore, data for field locations were combined and plotted separately by date for each of the three fields. The results are shown in Fig. 3 . Low numbers of aphids were trapped in fields 1 and 2 until 17 June, when there was an appreciable increase. Sampling ended in these two fields on 28 and 26 June, respectively, when means of 30 to 50 aphids were trapped per sampling interval.
Date , Sampling continued in field 2 until 8 July. The delay in aphid population increase in field 2 may be attributable to the late planting date (24 May versus 27 April and 10 May), but we did not test that possibility statistically because only three fields were included in the study.
Discussion
Aphids were detected in low numbers in fields 1 and 3 in sticky traps, pan traps, and by plant sampling until 14 June when the population began to increase appreciably. All aphids captured in pan and sticky traps were alates; aphids collected and counted in plant sampling were primarily apterous, but included alates. The increase in aphid population in farm 2 was delayed about 10 d, to 24 June, compared with the other fields, probably because of the relatively late planting date in that farm. The aphid population increase observed by plant sampling in the early growing season between 3 June and 8 July was logarithmic (Fig. 4) and was in agreement with other reports that aphid populations increase rapidly with the onset of favorable conditions, particularly warm weather in a variety of crops, including cotton (Rosenheim et al. 1997) . Low correlations between aphid numbers and sampling dates were due to high variability in aphid numbers, differences between fields, and the nonlinear (logarithmic) relationship between aphid numbers and sampling dates.
Pan traps were consistent in detection of fungus-infected aphids on 19-24 June. Neozygites fresenhi was not observed in aphids in pan traps until 19 June in field 3 and 24 June in fields 1 and 2, although the fungus had been detected in aphids collected on plants on 10 June in field 3. The relatively small numbers of aphids available for examination from pan traps compared with the larger numbers from plant sampling probably explains the failure to detect N. fresenii before 19 June in pan traps. Although alate aphids were captured consistently in pan traps throughout the study, mean numbers were less than those captured in sticky traps (0 to 2 versus 0 to 10, respectively). Both trapping methods, as well as plant sampling, demonstrated the early presence of aphids in all three fields.
Mean incidence of N. fresenil in alates captured in pan traps reached a peak of 62% on 27 June and then declined. However, mean incidence of N. fresenli in aphids from plant sampling, primarily apterous aphids, was low on 27 June (<10%) and did not reach 50% until the last sampling day (8 July). Plant sampling stopped on 8 July, probably before the peak incidence of the fungus. The first aphids collected on cotton plants were typically alates that were consistently negative for fungus until the second week of June. The data suggest that these alates subsequently acquire N. fresenii infections, probably from germinating zygospores, and then die among their apterous progeny on the plants and initiate an epizootic which peaks in the first 2 wks of July. The negative alates collected in pan traps before the first week of June are probably immigrants into the fields from the surrounding vegetation, whereas the positive alates collected later probably represent emigrants from the fields. The 14-28 day interval from first detection of the fungus (10-28 June) to the peak of the epizootic on or after 8 July was sufficient time for development of multiple generations of the fungus, which requires only about 3 d from infection to death of the host (Steinkraus et al. 1993) . Although some differences were detected in locations of aphids trapped in sticky and pan traps, no consistent patterns were evident. Large differences were frequently found in numbers of aphids collected from adjacent traps in the same farm on the same date. Similarly, the incidence and distribution of N. fresenil varied widely within fields and dates and between fields, although some of the differences observed between fields can be explained by differences in planting dates. Planting date has been reported (Cisneros and Godfrey 2001) to affect aphid populations in California cotton, with earlier planting dates being associated with lower aphid populations.
